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Resonant inelastic x-ray scattering on single-magnons at oxygen K-edges
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The recent discovery that resonant inelastic x-ray scattering can probe single-magnon (SM) dis-
persions in transition metal (TM) oxides when the x-ray energy is tuned to the TM L-edge, has put
this technique on a par with inelastic neutron scattering. It is generally presumed that selection
rules forbid SM-scattering at oxygen (O) K-edges. However, based on a symmetry analysis and
exact diagonalization study, we show that SM-scattering at O K-edges becomes allowed when (i)
spin-orbit coupling is present in the TM d-shell and (ii) inversion symmetry at the O-site is broken.
For cuprates the resulting SM-amplitude is very weak but in iridates both prerequisites can amply
be fulfilled.
PACS numbers: 75.30.Ds,78.70.Ck,71.70.Ej
Introduction — The theoretical prediction [1] and sub-
sequent experimental observation [2, 3] that the disper-
sion of magnetic excitations, in particular of elemen-
tary single-magnons, can be measured directly by reso-
nant inelastic x-ray scattering (RIXS) has fundamentally
changed the field of inelastic magnetic scattering [4]. It
has for instance lead to the discovery of distinct para-
magnons in a large family of high-temperature cuprate
superconductors [3–8], and established the presence of
strongly dispersive magnetic modes in a number of irid-
ium oxides [9–12].
All these efforts to extract the dispersion of elemen-
tary magnetic excitations from RIXS have focussed on
the transition metal (TM) L-edge, where single spin-flip
scattering is directly allowed [1–16]. The microscopic ori-
gin of this type of magnetic scattering is rather straight-
forward. When energy in RIXS the incoming photon is
tuned to a TM L-edge, an electron with spin σ is excited
out of the atomic p-shell, deep inside the atomic core,
into the TM d-shell. The core-hole that is created in this
event can now flip its spin due its very large spin-orbit
interaction. Subsequently a valence d electron with spin
−σ can fill the core-hole and an outgoing x-ray is emit-
ted. The net result of this RIXS process is a spin-flip
transition σ → −σ in the TM d-shell, which is the same
as the net result of inelastic neutron scattering involving
this d-shell electron.
When a K-edge is used instead of a L-edge, this direct
spin-flip process is no longer allowed. This is because
in K-edge RIXS an electron is excited from a core-shell
with s-symmetry, for which spin-orbit coupling is sim-
ply absent. It thus appears that for RIXS at K-edges
direct spin-flip scattering is forbidden and only higher
order magnetic scattering processes – starting at double
spin-flip (e.g. bi-magnon) scattering – are allowed [17–
19]. Indeed bi-magnon scattering is observed both at
TM [20, 21] and oxygen (O)K-edges [22, 23]. This appar-
ent absence of single-magnon spin-flip scattering is un-
fortunate because the O K-edge is in a soft x-ray regime
where the RIXS resolution is particularly high (even if
in this situation only a limited part of momentum space
is accessible) and oxygen anions are obviously ubiquitous
in magnetic materials.
However, in this Letter we show that single-magnon
(SM) scattering at O K-edges is allowed when spin-orbit
coupling is present in the TM d-shell and inversion sym-
metry at the O-site is broken. Our symmetry analysis
and exact diagonalization study shows that the resulting
SM-scattering is allowed for small momentum losses and
forbidden for momenta close to the magnetic ordering
vector, a situation opposite to magnetic RIXS at the TM
L-edge. As in iridates the spin-orbit interaction in the 5d
shell is large and the inversion symmetry at O-sites is of-
ten distinctly broken, as e.g. in the perovskites Sr2IrO4,
Sr3Ir2O7, Na2IrO3 and the post-perovskite CaIrO3, we
predict pronounced SM-scattering at the O K-edge of
for instance these magnetic oxides.
RIXS cross section — When an incident (outgoing) x-
ray with ǫ (ǫ′) polarization has the frequency ωk (ωk′)
and wave vector k (k′), the RIXS intensity is described
by the Kramers-Heisenberg relation [4]
I (ω,q, ǫ, ǫ′) =
∑
f
|Ffg(ω,q, ǫ, ǫ
′)|2
× δ (Ef + ~ωk − Eg − ~ωk′) , (1)
where, ω = ωk−ωk′ and q = k−k
′. In the dipole and fast
collision approximation, the scattering amplitude Ffg is
reduced to Ffg =
1
iΓ
〈f |R(ǫ′, ǫ,q)|g〉, where R is the ef-
fective RIXS scattering operator, which is defined by the
product of two dipole operators, and Γ is the core-hole
broadening [4]. When ψν and ψs represent valence and
core states, the scattering operator is given by
R(ǫ′, ǫ,q) =
∑
iνν′
eiq·riTν′ν(ǫ
′, ǫ)ciν′c
†
iν , (2)
where Tν′ν(ǫ
′, ǫ) =
∑
s〈ψν′ |ǫ
′ · r|ψs〉〈ψs|ǫ · r|ψν〉. In case
of the O K-edge RIXS, Tν′ν(ǫ
′, ǫ) equals 1
3
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FIG. 1: (Color online) Schematic diagram of corner-sharing
TM-O system, which for bond-angle φ not equal to 180◦ lacks
inversion symmetry at the oxygen site. The z-direction is out
of plane.
where ν has m (x, y, or z) orbital and σ spin charac-
ters. The most important feature of the O K-edge RIXS
process is that in its intermediate state, besides an oxy-
gen core-hole, also an extra valence electron is present
the system that hybridizes and interacts with the TM
d-electrons.
Symmetry analysis — To investigate the magnetic re-
sponse of the O K-edge RIXS, we start by consider-
ing a simple TM1-O1-TM2-O2 arrangement of transition
metal and oxygen ions, where the TM-O-TM bond angle
is φ, see Fig. 1. To be specific, we concentrate on iri-
dates (cuprates) in the following symmetry analysis, in
which the Ir4+ (Cu2+) ions are in a 5d5 (3d9) configu-
ration. Due to the strong spin-orbit coupling, Ir4+ ions
in iridate form effective Jeff = 1/2 moments [24, 25] so
that the single-site ground-state multiplet is a Kramers
doublet, which we denote by D. Also in the case of Cu2+
in cuprates, a Kramers doublet (S = 1/2) is the ground
state as the tetragonal crystal field splits up the eg orbital
degeneracy. When one considers two of these moments,
the magnetic interactions between them cause a split-
ting into a total singlet (S) and a total triplet (T ) state.
The four states are |S〉 = 1
2
(|D↑D↓; 00〉 − |D↓D↑; 00〉),
|T1〉 = |D↑D↑; 00〉, |T0〉 =
1
2
(|D↑D↓; 00〉+ |D↓D↑; 00〉),
and |T−1〉 = |D↓D↓; 00〉, where |00〉 denotes the absence
of holes on the oxygen sites, in the O p-orbitals. Be-
cause of the hopping tpd between TM and O, such charge-
transfer states of course mix in. We denote such a charge-
transfer state with a hole on oxygen as |DσA; ξ0〉, where
A represents the Ir 5d6 (Cu 3d10) state, in which all dou-
blet states are occupied, and ξ refers to the p-hole state
of O.
We now introduce two different inversion symmetry op-
erators IO and ITM that represent inversion with respect
to O and TM centers, respectively. When IO and ITM are
applied, local coordinates transform as IO : (x
′
1, y
′
1) →
(−x′2,−y
′
2), (x1, y1) → (−x1,−y1) and ITM : (x
′
1, y
′
1) →
(−x′1,−y
′
1), (x1, y1) → (−x2,−y2). We note that ITM is
always a symmetry of the system, but IO is a symme-
try operator only for φ = 180◦, i.e. undistorted TM-O-
TM bonds. Because of ITM symmetry, the hopping in-
tegrals between singlet/triplet and charge-transfer states
obey the relations 〈S|Ht|DσA; ξ0〉 = −〈S|Ht|DσA; 0ξ〉
and 〈Tm|Ht|DσA; ξ0〉 = −〈Tm|Ht|DσA; 0ξ〉, where Ht is
TABLE I: Transformation properties of singlet (|S〉), triplet
(|T 〉), and charge transfer (|DσA; ξ0〉) states under two types
of inversion, IO and ITM . Note that IO is only a symmetry
when the bond angle φ = 180◦.
|S〉 |T 〉 |DσA; ξ0〉
IO(φ = 180
◦) −|S〉 |T 〉 −|ADσ; ξ0〉
IM |S〉 |T 〉 −|DAσ; 0ξ〉
the TM-O hopping part of the Hamiltonian, so that the
singlet ground state |g〉 and triplet excites states |m〉 be-
come
|g〉 = c|S〉+
∑
σξ
cσξ
(
|DσA; ξ0〉 − |DσA; 0ξ〉
)
+ · · · ,
|m〉 = cm|Tm〉+
∑
σξ
cmσξ
(
|DσA; ξ0〉 − |DσA; 0ξ〉
)
+ · · · ,
which directly follows from the symmetry properties of
the states involved given explicitly in Table I.
Next we require the symmetry properties of the effec-
tive RIXS scattering operator R(ǫ′, ǫ,q) in Eq. (2) under
inversion. These explicitly depend on the momentum q
that is transferred by a x-ray photon to the system: only
for momenta corresponding to high symmetry points in
the Brillouin Zone (BZ), a symmetry analysis is viable,
in the present case in particular for q = 0 and q = π. For
these momenta the transformation properties of R under
the two types of inversion, IO and ITM , are summarized
in Table II, considering both RIXS at the O K-edge and
the Ir L3-edge.
Having determined these transformation properties, it
can immediately verified that the RIXS scattering am-
plitude FOKmg at the O K-edge between ground state |g〉
and magnetically excited state |m〉 obeys the selection
rule FOKmg (q = π) = 0 for all m, because I
†
TMR(q =
π)ITM = −R. For q = 0 no such selection rule is
dictated by ITM . However, in the situation that the
bond-angle is 180◦ and IO is a symmetry of the sys-
tem, the relations 〈S|Ht|DσA; ξ0〉 = 〈S|Ht|ADσ; ξ0〉 and
〈Tm|Ht|DσA; ξ0〉 = −〈Tm|Ht|ADσA; ξ0〉 hold, which im-
ply that in addition FOKmg (q = 0) = 0. Conversely, this
implies that magnetic scattering at the O K-edge is al-
lowed at q = 0 and its vicinity when φ 6= 180o and inver-
sion symmetry at the O-site is broken.
TABLE II: Symmetry properties of RIXS scattering operator
R at the O K-edge and Ir L3-edge with respect to two types
of inversions, IO and ITM .
Ir L-edge O K-edge
q = 0 q = π q = 0 q = π
IO(φ = 180
◦) R −R R R
ITM R R R −R
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FIG. 2: (Color online) Magnetic RIXS spectra calculated
by ED as a function of TM-O-TM bond angle φ. (a) Iridate
O K-edge at q = 0, (b) Ir L3-edge at q = π , (c) Cuprate
O K-edge RIXS at q = 0, (d) Cu L3-edge at q = π. The
polarizations are ǫ = x and ǫ′ = z. Note that as a function
of φ both the effective magnetic interactions and the RIXS
intensity change.
It is interesting to perform an analogue symmetry anal-
ysis for magnetic RIXS at the L-edge RIXS. The scat-
tering amplitude FLmg is proportional to c
∗cm〈Tm|R|S〉
and it can easily be verified that ITM does not give
rise to any selection because both |S〉 and |Tm〉 have
the same parity under ITM . Interestingly, for straight
bonds with φ = 180◦, where IO is a symmetry of the
system, FLmg (q = 0) = 0. This is related to the fact that
for IO the singlet and triplet states have different pari-
ties. These selection rules are of course directly related
to the experimental and theoretical observations that on
iridates and cupartes the magnetic L-edge RIXS intensity
peaks at the edge of the BZ [2, 3, 10–12].
Exact diagonalization results — In order to test these
symmetry-based selection rules and to determine in ad-
dition their dependence in the incoming and outgoing
polarization of x-ray photons, we perform an exact di-
agonalization study of the relevant microscopic model
Hamiltonian for iridates and cuprates on small clusters.
The generic Hamiltonian is H =
∑
ij H
TM
i +H
O
j +H
t
ij ,
whereHTMi andH
O
j refer to the local Hamiltonian of TM
and O ions on neighboring sites i and j and Htij captures
the hopping of electrons on the connecting TM-O bond
[26]. Further details are provided in the supplementary
material.
The RIXS spectra, calculated as a function of the TM-
O bond angle φ are shown in Fig. 2, where the two top
panels are the results for an Ir4+ cluster and the two
lower panels are for a Cu2+ cluster, with on the left the
magnetic scattering at the oxygen K-edges and on the
right RIXS intensities at the TM L-edges [27]. There are
many charge excitations at higher energy, but we focus
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FIG. 3: (Color online) Polarization dependence of magnetic
RIXS excitations for an iridate cluster with an Ir-O-Ir bond-
angle of φ = 158◦. (a) O K-edge at q = 0, (b) Ir L3-edge at
q = π. The polarization condition zx labels ǫ = z, ǫ′ = x.
on only the low-energy, magnetic part of the excitation
spectra. The overall trends are very similar. First of all,
it is clear that when φ starts to deviate from 180◦, the
energy of the magnetic excitations goes down, which is
due to the reduction of the effective exchange interac-
tion between the (iso)spins, as the hopping integrals di-
rectly depend on the bond-angle. This is equally true for
RIXS at the Ir or Cu L-edges and at the corresponding
O K-edges. A big difference is, however, that for straight
bonds, where φ = 180◦, the O K-edge magnetic scatter-
ing intensity vanishes, whereas the TM L-edge intensity
is finite in both cases. This is the result of the selection
rules derived above. Only when the bond-angle φ begins
to deviate from 180◦, magnetic RIXS intensity starts to
build up at the O K-edge. It should be noted, however,
that for typical parametrizations of quasi-2D perovskite
iridates and cuprates, the magnetic scattering intensity
at the oxygen edge is at least ∼ 20 times larger in the
irradiate compared to the cuprate. This reflects the fact
that the spin-orbit coupling in iridates is much larger.
It is interesting to analyze the polarization depen-
dence of the RIXS amplitude for an iridate with buck-
led bonds. The polarization direction of the incoming
(ǫ) and outgoing (ǫ′) x-ray are defined in the coordinate
system of Fig. 1 and the resulting RIXS spectra shown
in Fig. 3. It should first of all be noted that there are
two sets of magnetic excitations because of the additional
anisotropic interactions (Dzyaloshinskii-Moriya and Ki-
taev exchange terms) that are generated by the buckling
of bonds [28, 29], splitting up the excited magnetic states.
At the Ir L-edge, one set of magnetic modes is picked up
in yz and zy polarization, and the other four orthogo-
nal polarization conditions pick up the other magnetic
mode. The magnetic scattering is only present in cross-
polarization conditions, which reflects the fact that in SM
scattering angular momentum is transferred from the x-
ray photon to the magnon. This is also reflected in the O
K-edge, RIXS, where depending on the specific polariza-
tion conditions, either of the magnetic modes is picked
up (zx, xz versus yz, zy), or none (yx and xy). Note that
the magnetic scattering intensity is by far largest for the
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FIG. 4: (Color online) Magnetic RIXS intensity at the O
K-edge as a function of the Ir-O hopping tpdσ on a log-log
scale, for fixed φ = 158◦. The two dotted lines represent
proportionalities to t4pdσ and t
8
pdσ.
situation of incoming polarization in the z-direction and
outgoing polarization along the x-axis. Note that in the
spectra we do not show the elastic contribution to the
resonant scattering, which in principle produces a zero-
loss peak.
It is clear that the calculated magnetic RIXS intensity
at the oxygen K-edge of iridates, apart from symmetry,
critically depends on an interplay of the spin-orbit cou-
pling and the hybridization between oxygen p and iridium
d states – without either one or the other the magnetic
RIXS intensity vanishes. In the cluster the Ir-O hop-
ping is parametrized by tpdσ and the magnetic scattering
intensity as a function of tpdσ is shown in Fig. 4 on a log-
log scale for a fixed bond-angle of 158◦. It makes clear
that there are two types of contributions to the intensity,
scaling with t4pdσ and t
8
pdσ, respectively, in the weak hop-
ping limit. Moreover, which contribution is picked up
strongly depends on polarization conditions of the ex-
periment. This is of course very different from magnetic
RIXS intensities at transition metal L-edges and their
polarization dependence, which are in leading order fi-
nite and independent of tpdσ.
Summary and conclusions — We have shown on the
basis of a symmetry analysis and exact diagonalization
study, that magnon scattering at O K-edges becomes al-
lowed when the inversion symmetry at the O-site is bro-
ken, for instance by a buckling of bonds. For cuprates
the resulting magnetic RIXS intensity is tiny but iridates
may have the spin-orbit energy scale that is needed and
also can fulfill the symmetry requirements. The first type
of material that may come to mind to observe single-
magnon modes with oxygenK-edge RIXS, are the quasi-
2D iridates as Sr2IrO4 and Ba2IrO4, in which L-edge
RIXS has already established the presence of distinct
magnon modes [10]. One can easily extent our symmet-
ric analysis to the corresponding 2D lattices, which are
still invariant under ITM and break IO when the IrO4
octahedra buckle. But even if the spin-orbit coupling
and the Ir-O hybridization tpdσ are significant in these
materials, the Ir-O-Ir buckling angle for these systems
is rather small, or even vanishing [30]. A better can-
didate system is the post-perovskite CaIrO3 in which a
strong antiferromagnetic interaction along the c axis (Jc)
is present, where at the same time the corner-sharing oc-
tahedra are significantly buckled. Along the a axis the
octahedra are edge-sharing, which leads to weak ferro-
magnetic interactions so that magnetically CaIrO3 is a
quasi-one-dimensional system [31, 32], with |Jc/Ja| >> 1
– it thereby becomes an ideal candidate to observe single-
magnon RIXS at the oxygen K-edge.
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6Supplemental Material:
Resonant inelastic x-ray scattering on single-magnons at oxygen
K-edges
MICROSCOPIC HAMILTONIAN AND NUMERICAL METHOD
To investigate the magnetic response of the oxygen (O) K- and transition-metal (TM) L-edge resonant inelastic
x-ray scattering (RIXS) spectra of iridates and cuprates, we considered the periodic TM1-O1-TM2-O2 cluster (see
Fig. 1) which is described by following Hamiltonian:
H =
∑
ij
HTMi +H
O
j +H
t
ij , (3)
where HTMi and H
O
j refer to local energy of i-th TM and j-th O ions, respectively, and H
t
ij represents the hopping
Hamiltonian between neighboring TM-O bonds. The local Hamiltonians of TM and O sites are as follows.
HTM =
∑
µσ
ǫµnµσ + λ
∑
µνσσ′
(l · s)µσ,νσ′c
†
µσcνσ′ +
1
2
∑
σσ′µν
Uµνc
†
µσc
†
νσ′cνσ′cµσ +
1
2
∑
σσ′
µ6=ν
Jµνc
†
µσc
†
νσ′cµσ′cνσ
+
1
2
∑
σ
µ6=ν
J ′µνc
†
µσc
†
µσ¯cνσ¯cνσ, (4)
where Uµµ = U , Uµ6=ν = U − 2JH , and Jµν = J
′
µν = JH . σ¯ stands for the opposite sign of σ. We set ǫµ so that
−1/3∆t for yz and zx, 2/3∆t for xy, 10Dq − 3/2∆t for z
2, and 10Dq + 3/2∆t for x
2 − y2.
HO = ǫp
∑
mσ
nmσ +
1
2
∑
σσ′mn
Umnc
†
mσc
†
nσ′cnσ′cmσ +
1
2
∑
σσ′
m 6=n
Jmnc
†
mσc
†
nσ′cmσ′cnσ +
1
2
∑
σ
m 6=n
J ′mnc
†
mσc
†
mσ¯cnσ¯cnσ, (5)
where Umm = Up, Um 6=n = Up − 2Jp, and Jmn = J
′
mn = Jp. ǫp is determined for the charge transfer energy (∆)
to be the minimum energy between d5p6 (d9p6) and d6p5 (d10p5) configurations for iridates (cuprates). Hopping
Hamiltonian is given by
Htij =
∑
µmσ
(
tijµmc
†
jmσciµσ + h.c.
)
, (6)
where tijµm is a function of two parameters tpdσ and tpdpi based on the Slater-Koster theory [S1].
We restricted the Hilbert space in order to include all possible states whose configuration is dn-dn-p6-p6, dn−1-
dn+1-p6-p6, dn-dn+1-p5-p6, dn+1-dn+1-p5-p5, or dn+1-dn+1-p4-p6 where n = 5 (n = 9) for iridate (cuprate). We took
into account the following relevant local multiplets to describe electronic states of Ir (Cu) ions: 6 (4) lowest multiplets
for d5 (d9), 14 (6) lowest multiplets for d4 (d8), and 1 (1) lowest mutliplets for d6 (d10). Because only t2g-hole
(eg-hole) states play a dominant role in low energy excitations of iridates (cuprates), they are enough to describe the
single-magnon contribution in the RIXS spectra [S2, S3]. We constructed the Hilbert space so that each state can be
expressed as the direct product of local multiplets of TM and O ions.
We adopted physical parameters as shown in table S1 (table S2) for iridates (cuprates) and solved the Hamiltonian
by using the exact diagonalization. We calculated the RIXS spectra as following Kubo formula:
I =
1
Λ2
∑
n
|〈n|R|g〉|2δ(ω − En + Eg) (7)
where Eg (En) is the energy of the ground state |g〉 (the excited state |n〉) and R is the RIXS scattering operator.
TABLE S1: Physical parameters for iridates in units of eV, consistent with previous work [S2].
10Dq ∆t U JH λ ∆ Up Jp tpdσ tpdpi
3.0 0.10 1.86 0.50 0.4 3.3 0.5 0.1 −1.5 −0.46tdpσ
7TABLE S2: Physical parameters for cuprates in units of eV, consistent with previous work [S4].
10Dq ∆t U JH λ ∆ Up Jp tpdσ tpdpi
1.5 −0.10 8.0 0.5 0.1 2.5 0.5 0.1 −1.0 −0.46tdpσ
RIXS SPECTRA FOR IRIDIUM L-EDGE RIXS AT q = 0
As shown in table II, the RIXS scattering operator of the Ir L-edge at q = 0 has same symmetric property as that of
the O K-edge. It can be also expected for the Ir L-edge RIXS to give rise to the magnetic peak at q = 0. Accordingly
our numerical calculation yields nonzero magnetic RIXS peak of the Ir L-edge at q = 0. Figure S1 presents the
magnetic RIXS peak of the L3-edge at q = 0 with respect to bond angle and x-ray polarization. Overall features are
totally same as those in the O K-edge (see Fig. 2(a) and 3(a)). The magnetic peak at q = 0 is only allowed when
the Ir-O-Ir bond is buckled. The magnetic modes is dominantly picked up at zx and xz polarizations. Neither yx,
nor xy, nor xx polarization gives any magnetic peak. Thus the broken inversion with oxygen center can induce the
magnetic excitation at center of the BZ even though its intensity is much more suppressed than that at the edge.
0.00
0.04
0.08
0.12
0.16
0.20
0.0 0.1 0.2 0.3
(a)
In
te
n
si
ty
 (
a.
u
.)
ω (eV)
Ir L3-edge q=0 180°
172°
164°
156°
148°
140°
132°
124°
0.00
0.04
0.08
0.12
0.16
0.0 0.1 0.2 0.3
zx
xz
yx
xy
yz
zy
(b)
In
te
n
si
ty
 (
a.
u
.)
ω (eV)
Ir L3-edge q=0
FIG. S1: (Color online) Magnetic RIXS spectra of the Ir L3-edge at q = 0 as a function of (a) Ir-O-Ir bond angle and (b)
x-ray polarization. φ = 158◦ is set in (b).
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FIG. S2: (Color online) Magnetic RIXS intensity of the Ir L3-edge at q = 0 as a function of the Ir-O hopping for fixed
φ = 158◦.
The L-edge RIXS process, however, is not directly related to O states. For this reason, the magnetic RIXS intensity
at the Ir L-edge is almost independent with the Ir-O hopping strength in contrast with the O K-edge, of which
intensity is proportional to t4pdσ or t
8
pdσ. Figure S2 describes this feature well. In weak hopping limit, total magnetic
RIXS intensity is almost constant. In strong hopping limit, of course, even Ir L-edge is remarkably affected due to
considerable overlap between local Ir multiplet states and charge-transfer states.
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